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1. SUPMARY 
A s t a b l e  (Fuel A) and a n  uns t ab le  (Fuel C) jet  t u r b i n e  f u e l  and ndodecane  
were disti!.led under vacuum and oxid ized  a lone  and wi th  a d d i t i v e s  i n  a i r  a t  
130%. The rate of oxygen absorp t ion  was measured by gas  chromntography of 
t h e  remaining air; t h e  aamunt of t h e  gum formation was measured by a new 
method developed a t  SUI Internationa1. P r e c i p i t a t e  formation, i f  any, w a s  
noted. 
slower and g ives  t h e  most gum. 
Dodecane ox id izes  f a s t e s t  and g ives  very l i t t l e  gum. Fuel  C ox id izes  
Fuel A o x i d i z e s  slowest and g ives  l i t t l e  gum. 
Oxidation of F u e l C  a t  low oxygen p res su res  gave less gum formation and 
much less oxygen absorp t ion ,  but i t  gave much more gum f o r  t h e  amount o f  
oxygen absorbed; however, t h i s  r e s u l t  needs confirmation. When p o l a r  
compounds are removed from Fuel C by chromatographing i t  ove r  a c i d i c  alumina, 
i t  ox id izes  f a s t e r  and g ives  propor t iona te ly  more gum. 
materials con ta in  19% (0  + S, not  d i s t ingu i shed)  and a lower H/C r a t i o  (0 .98)  
than t h e  o r i g i n a l  f u e l  (1.62). 
chromatographed f u e l  gave poorly reproducible r e s u l t s .  
The adsorbed p o l a r  
Addition of adsorbed p o l a r  concen t r a t e  t o  
A l i t t l e  indene (0.01 M) r e t a r d s  the  ox ida t ion  of f a s t - o x i d i z i n g  dodecane, 
but 1 M indene a c c e l e r a t e s  t h e  oxida t ion ;  a l l  propor t ions  g i v e  more gum. Both 
0.01 and 0.1 M N-methylpyrrole (NMP) g r e a t l y  r e t a r d  t h e  ox ida t ion  of dodecane 
but redcce gum formation only  moderately. 0.1 M NMP accelerates t h e  ox ida t ion  
of slow-oxidizing Fuel A and g r e a t l y  inc reases  gum formation. I n  genera l ,  t h e  
a d d i t i v e  r e a c t s  f a s t e r  and forms much of t h e  gum. 
i n t e rp re t ed  on t h e  b a s i s  of t h e  c l a s s i c  cooxidat ion of cumene and t e t t a l i n .  
These r e s u l t s  are 
Unoxidized Fuels  A and C were compared by ana lyses  by f i e l d  i o n i z a t i o n  
mas8 spectrometry (FIMS), which does not d i s t i n g u i s h  between p a r a f f i n s  and 
alkylnaphthalenes,  and eleme.nta1 analyses.  The resul ts  can be reconci led  i f  
uns tab le  F u e l  C conta ins  about 20% more a lkylnaphtha lenes  and less p a r a f f i n s  
than s t a b l e  Fuel A. 
f u e l s  seem minor. 
Otherwtse, t h e  d i f f e r e n c e s  between t h e  compoeitions of 
W i t h  pure phenylcyclohexane as an example, CI2 ox ida t ion  p r a h c t s  can be 
determined s a t i s f a c t o r i l y  by gas  chromatographylmass q x c t r o m e t r y ,  but FIMS is  
unsurpassed i n  q u a n t i t a t i v e l y  determining C 2 4 ,  C36, and C48 products of 
various oxygen contents .  
comparieons of f u e l  s t a b t l i t y .  
The new SRI gum method is s u p e r i o r  f o r  q u a l i t a t i v e  
1 
2. IElTRODUCTION 
The o b j e c t i v e  of t h i s  research  is t o  determine t h e  mechanism by which gum 
and d e p o s i t s  are formed i n  jet t u r b i n e  f u e l s  and t h u s  haw to  p r e d i c t  and 
prevent t h e i r  formation. 
During t h e  y e a r  preceding t h e  present  c o n t r a c t ,  w e  e s t a b l i s h e d  by f i e l d  
i o n i z a t i o n  mass spectroscopy (PIHS) t h a t  d e p o s i t  formation from a n  uns tab le  
t u r b i n e  Fuel  C, oxidized a t  13OOC i n  a i r ,  proceeded by a etepwise condensation 
process t o  g ive  products  of  t w o  or t h r e e  times t h e  molecular weights o f  t h e  
f r e s h  f u e l  ( p l u s  a d d i t i o n a l  oxggen), and t h a t  less s o l u b l e  products  then 
separnted from so lu t ion .  However, t h e  complexity of t h e  o r i g i n a l  f u e l  and 
t h e  increased complexity of t h e  oxida t ion  products  precluded d e t a i l e d  
cons idera t ion  of mechanisms. 
n-dodecane. 
i t  g i v e s  l i t t l e  gum and no deposi ts .  
fragmentation of t h e  dodecanols and dodecyl hydroperoxides, but enough 
precursors  were found t o  show t h a t  up t o  f o u r  oxygen atoms were present  i n  
some C p t  products and t o  i n d i c a t e  t h a t  C12 oxygen compounds are more e a s i l y  
coupled than t h e  dodecane. 
report .  
We t h e r e f o r e  i n v e s t i g a t e d  t h e  oxida t ion  o f  pure 
Although t h i s  material o x i d i z e s  considerably faster than Fuel  C, 
FTMS analyses  were complicated by 
This work i s  summarized in a previous annual  
1 
The present  r e p o r t  d e s c r i b e s  new oxida t ions  and cooxidat ions of a 
r e l a t i v e l y  s t a b l e  t u r b i n e  Fuel A as w e l l  a s  Fuel C and dodecane and p r e s e n t s  
our i d e a s  of t h e  s i g n i f i c a n c e  of t h e s e  r e s u l t s .  
e f f o r t s  t o  fol low gum and depoei t  formation by size exc lus ion  and high 
pressure l i q u i d  chromatography. 
Sect ion 4 summarizes o u r  
2 
3. OXIDATIONS OF FUELS 
3.1. Fuel A Alone 
The present  y e a r ' s  work began wi th  a n  i n v e s t i g a t i o n  of Fuel  A, a s t a b l e  
jet t u r b i n e  f u e l ,  received from NASA-Lewis i n  l a t e  1980. 
d i s t i l l e d  a t  670 Pa (5 torr), where i t  boi led  a t  48O-9OoC. 
oxidized by shaking under a i r  a t  13OOC. Oxygen absorp t ion  w a s  determined by 
gas  chromatography of t h e  remaining a i r ,  a l l  as descr ibed i n  t h e  previous 
annual report. '  
which approximately 5 mL of f u e l  is  evaporated and d r i e d  c a r e f u l l y  a t  200°C 
and t h e  res'.dual gum is weighed on a microbalance. 
This f u e l  was 
It w a s  then 
Soluble gum was a l s o  determined by t h e  new SRI method2 i n  
Rate and gum d a t a  f o r  Fuels  A and C a r e  summarized i n  F igure  1, which 
shows t h a t  Fuel A o x i d i z e s  much slower than  Fuel C. D i s t i l l e d  Fuel A was 
i n i t i a l l y  c o l o r l e s s ,  but  gradual ly  turned on oxida t ion  t o  a clear yellow. 
Sol id  d e p o s i t s  appeared only  on very  long heating. Our r e s u l t s  show t h a t  
our a n a l y t i c a l  methods are c o n s i s t e n t  and t h a t  ox ida t ion  rates are f a i r l y  
reproducible ,  a t  least a f t e r  t h e  i n i t i a l  s tages .  Two experiments of d i f f e r e n t  
dura t ion  (open symbols) were near ly  I d e n t i c a l .  A t  t h e  end of t h e  slowest run, 
t h e  hydroperoxide conten t  of t h e  f u e l  w a s  found to  be 1.12 umole/g f u e l ,  14.7% 
y i e l d  on t h e  oxygen absorbed. 
with t h e  amount of oxygen absorbed. 
In t h e s e  experiments, gum formation increases 
For t h e  f i r s t  and slowest oxida t ion  of Fuel  A ,  t h e  r e a c t i o n  f l a s k  was 
r insed  only with acetone and water and then baked i n  a glass-annealing oven. 
In l a t e r  runs,  t h e  f l a s k s  were cleaned by heat ing  with n i t r i c  ac id ,  followed 
by r i n s i n g  with d i s t i l l e d  water and reagent  acetone. 
change is s i g n i f i c a n t .  
We a r e  not  s u r e  t h a t  t h e  
Our previous annual report '  showed t h e  development of dimers and trimers 
Similar  FIMS experiments have now of uns tab le  Fuel C on oxida t ion  a t  13OOC. 
been performed with s t a b l e  Fuel  A ,  but  over  much longer  oxida t ions  times. 
Differences i n  products with m/z components Q50 are unimportant, but  l a r g e  
d i f f e r e n c e s  among t h e  three FIMS s p e c t r a  appear a t  m/z >250. 
t h e  buildup during oxida t ion  of dimers and trimers of t h e  o r i g i n a l  
hydrocarbons on two s c a l e s ,  a s  a proport ion of t h e  t o t a l  peak h e i g h t s  f o r  a l l  
compounds measured ( tnc luding  those of m/z  Q50) and i n  comparison with a 
known concentrat ion of perylene s tandard  before  evaporat ion of t h e  0.l-mL 
Figure 2 shows 
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FIGURE 2 DEVELOPMENT OF PRECURSORS DURING OXIDATION OF FUEL A 
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samples. 
274.  The 66- and 181-hour products  show new groups of  products  a t  300 t o  400 
m/z (dimers) and then  around 500 (trimers). A t  66 hours,  t h e  marked peaks a t  
310 to  356 correspond t o  a homologous series of p a r a f f i n  hydrocarbons. 
suggest  t h a t  they correspond t o  r a d i c a l  coupl ings,  r e spec t ive ly ,  of  two 
undecane molecules,  one undecane and one dodecane, t w o  dodecane (or one 
undecane + one t r idecane) ,  dodecane + t r idecane ,  and t w o  t r i decane  molecules,  
a l l  of  which are major components of Fuel A ,  wi th  l o s s  of two H atoms f o r  each 
coupling and no ga in  i n  0. 
because of  coupl ing of o t h e r  hydrocarbons and t h e  accumulating oxida t ion  
products. Oxidat ions of Fue l  C l a s t e d  4 .25 ,  7.2, and 11.7 hours  and gave more 
dimers and trimers i n  these  much s h o r t e r  ox ida t ion  times. 
1.1 hours,  t h e r e  was cons iderable  dimeric  material present  i n  q u a n t i t i e s  of 10- 
15 ppm, as gauged by the 20-ppm standard.  
The unoxidized product shows only traces of  products  a t  m/z - 250 t o  
We 
These d i s t i n c t i o n s  are less clear a t  181 hours  
Thus, a f t e r  7 and 
3.2. Oxidations of Fuel  A wi th  N-Methylpyrrole 
The e f f e c t  of  small propor t ions  of NMP (N-sethylpyrrole) on ox ida t ions  of  
Fuel A was i nves t iga t ed  and then, because of unexpected r e s u l t s ,  repeated.  
All t hese  experiments are summarized In Figure 3, where t h e  lowest l i n e  
corresponds t o  the  top  cuyve in Figure 1. This  f i g u r e  shows t h a t  0.1 M N- 
methylpyrrole g r e a t l y  acce le ra t ed  t h e  oxida t ion  rate of Fuel  A a t  130'C; l ed  
t o  much earlfer sepa ra t ion  of depos i t s  ( a t  17.5 hours i n s t e a d  of 260 hours) ;  
and increased t h e  gum formation t o  26.4  mg!lGU g a t  60 hours  compared wi th  
only 19.9 mg/100 g a t  399 hours. 
considerably less than  t h e  NMP added. Peroxides were found i n  t h e  s h o r t  NMP 
run (16.65% of t he  reac ted  oxygen), but not i n  t he  much longer  run with n e a t  
Fuel A. 
The gum formed i n  t h e  NMP run is 
Elemental  ana lvees  of Fuel  A ,  NMP gum (not  depos i t s ) ,  and NMP alone 
suggest and t h a t  t he  gum c o n s i s t s  mostly of NKP and an a romat ic  po r t ion  o l  
F u e l  A: 
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H /C - XC M m xs d i f f .  - - - - -  
Fue l  A 86.37 13.27 <0.02 <0.02 0.32 1.83 
Cum from oxidn. 68.04 5.90 6.17 19.89% 0 + S ( d i f f )  1.03 
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Figure 3 shows t h a t  nea t  NMP ox id izes  very  r a p i d l y ,  aboyt  f o u r  t i m &  as 
f a s t  a t  130°C as nea t  dodecane, which ox id izes  f a s t e r  t han  any of t h e  f u e l s  
t e s t ed .  
h ighes t  w e  have observed so fa r  (Fuel C ,  387 a t  10 hours). 
Gum formation from n e a t  NMP was 1539 mg/100 g f u e l  a t  2.25 hours ,  t h e  
3.3. Fuel  C 
Fue l  C is  t h e  r e l a t i v e l y  f a s t  ox id i z ing  end u n s t a b l e  No. 2 home h e a t i n g  
o i l  d i scussed  i n  o u r  previous annual  r ep0r t . l  
of  i ts ox ida t ion  are d iscussed  here ,  t h e  e f f e c t  o f  oxygen p res su re  and t h e  
e f f e c t  of  chromatography t 9  remove p o l a r  materials. 
Two new and d i f f e r e n t  a s p e c t s  
Experiments t o  i r t ves t iga t e  t h e  e f f e c t  o f  oxygen p res su re  on t h e  raie of  
ox ida t ion  and condensat ion of  8.46 g of Fuel  C were done a t  atmospheric 
pressure  wi th  61.5% 02 (465 torr)  i n  n i t rogen  andnwith 6.35% 02 (48 to r r )  a t  
130"C, wi th  t h e  p re s su res  and propor t ions  of oxygen meaaored a t  20"-25°C. A 
Servomex Cont ro l  Ltd. por t ab le  oxygen a n a l y s e r  type  OA.250 was used t o  measure 
t h e  precentage of  02, and a MKS Baratron type 170M was used t o  monitor t he  
t o t a l  pressure.  
Figures 4 and 5 show t h e  rates oi oxygen abso rp t ion  i n  two experiments. 
In the  h igher  oxygen pressurd experiment (Figure 4) ,  t h e r e  was a n  induct ion  
period of  2.5 hours  and then  cxygen absorp t ion  approached a cons tan t  r a r e  
of The f i n a l  oxygen p res su re  a t  14 hours was 302 
t o r r  when 65% of the  I n i t i a l  oxygen had reacted.  The l o w  oxygen prr-esure 
experiment (F gure 5 ) ,  however, showed a much lower i n i t i a l  rate of  oxygen 
absorp t ion  (0 .06  umde/g f u e l / h r )  than t h e  h ighe r  oxygen experiment 
(-1 umole/g fue.i/hr) c h i s  low rate decreased s t e a d i l y ,  approaching zero  
when -42% of t n e  f , r l t l a l  02 had been consumed, leav ing  23 torr  i n  t h e  r eac to r .  
-12 umoie of  02/g  fuel/l-.r. 
We L i d  no t  d e t e c t  any formation of hydroperoxide i n  e i t h e r  experiment 
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using our  t h i o s u l f a t e  t i t r a t i o n  method. 
some cloudinese i n  t h e  h ibher  oxygen pressure  experiment,  but  some s o l i d  
p a r t i c l e s  were formed i n  t h e  low oxygen pressure  :un. 
low O2 pressure  experiment weighed 0.0023 8, 0.027% of s t a r t i n g  Fuel C. 
There w a s  no p r e c i p i t a t e  formed, on ly  
The p r e c i p i t a t e  in t h e  
Cum formation i n  mg/l00 g f u e l  is given i n  each f igu re .  The high p res sc re  
run gave only twice as much gum as  t h e  low p res su re  run, al though It absorbed 
54 times af much oxygen. 
absorbed a t  low oxygen pressure.  
Thus, much more gum is produced f o r  t h e  oxygen 
The low p res su re  ox ida t ion  appears  t o  have stopped when only 42% 6.' t h e  
o r i g i n a l  oxygen had reacted.  Because of t h e  p o s s i b i l f t y  of a l eak  i n  t h e  
appara tus  o r  an  a n a l y t i c a l  error, these  experiments should be repeated. 
S t a r t i n g  wi th  f r e s h l y  d i s t i l l e d  Fuel  C ,  chromatography w a s  used t o  remove 
the  most po la r  o r  a c t i v e  components. 
"aluminum oxide,  a c i d i c "  was used. 
of i t  was then  e l u t e d  wi th  hexane and recovered oy evaporat ion of t h e  so lven t ,  
f i n a l l y  a t  4 t o r r .  
t h e  po la r  compounds were recovered by evaporat ion,  f i n a l l y  a t  4 t o r r .  
recovered po la r  p o r t i o n  w a s  1.42 ut% of t h e  I n i t i a l  Fuel  C. 
analyses  show t h a t  t h i s  po r t ion  of Fuel  C i s  r i c h e r  i n  N, S, 0 ,  and aromat ic  
material than t h e  average of Fuel C: 
A column conta in ing  Baker Analyzed 
Fuel  C was added t o  t h e  column, ar.d most 
The alumina was then ex t r ac t ed  wi th  nanograde e t h e r ,  and 
The 
Elemental 
Fuel  C 87.57 11.94 <0.02 0.03 0.17 1.62 
Polar  concent ra te  74.92 5.99 0.20 18.89 0 + S ( d i f f )  0.98 
Twa sepa ra t e  chromatography experiments Ki th  Fue l  C are summarized i n  
Figure 6. I n  each experiment,  oxygen absorp t ion  and gum formation were 
d e t e r m i n e d  on t he  o r i g i n a l  d i s t i l l e d  Fuel C ,  on t h e  chrcmatographed Fuel  C 
( u s u a l l y  a f te r  d i s t i l l a t i o n  a l s o ) ,  and on r econs t i t u t ed  FU+L C ,  made by mixing 
chromatographed Fuel C with an  appropr i a t e  proport ion of recovered po la r  
mater ia l .  The f i r s t  set of experiments i e  summarized i n  Figure 6a. The low 
gum formation i n  the  o r i g i n a l  f u e l  was unexpected, so t h i s  experiment was 
repeated (lowest curve i n  Figure 6a) ;  t he  rate of gum formation was even lower 
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but so also was the rate of oxidation. 
oxidized faster than the original material but whether distillation after 
chromatography is important Is less certain. 
The chromatographed Fuel C certainly 
Because the five parts of the first set of experiments were conducted over 
a period of two months and because the original fuel gave the least gum, we 
conducted a second set of experiments that was finished within two weeks 
(Figure 6b). 
conducted with the distilled but otherwise untreated, chromatographed and 
distilled, and reconstituted Fuel C. Of 33.48 g of Feel C used for 
chromatrography, 28.72 g was recovered and distilled and 0.1738 g of extract 
was obtained after evaporation of the ether extract. To reconstitute Fuel C, 
we used 0.0572 g of polar extract and 8.35 g of chromatographed and distilled 
Fuel C for the slower run in Figure 6a, 0.0534 g extract and 8.30 g of the 
same Fuel C in the faster run in Figure 6b. 
In these experiments, oxidations with air at 13OOC were 
FigureGb shows the oxidation and soluble gum results for each 
experiment. lhese results, all obtained within 15 days, are significantly 
different from those reported for the first set of experiments, conducted over 
two months, and the gum results are more reasonable. Figure 6b indicates that 
distilled Fuel C contains retarders that have a marked initial effect on 
oxygen absorption and a small subsequent effect. 
removes these retarders. The reconstituted Fuel C now oxidizes at the same 
rate as chromatographed C; the small difference in final rate is of dubious 
significance. However, a duplicate oxidation of reconstituted Fuel C gave the 
same Initial rate but was 77% faster by the end of 15 hours. 
Chromatography apparently 
Thus, reproducibility is unsatisfactory in each set of experiments, and 
between sets. Possibly, changes in fuels occur in storage, even at -12'C 
under nitrogen. Another possibility is that every distillation of Fuel C 
results in elimination of the highest boiling 5% of the fuel and that the 
number of distillationa should be minimized. Still another possibility is 
that oxidations without added initiator will always be poorly reproducible 
The results in Figure 6 also suggest some parallel between rate of oxidation 
and rate of gum formation within each set of experiments with Fuel C, although 
there seems to be no correlation among different fuels.3 
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3.4. Oxidat ion of n-Dodecane Containing Indene o r  NMP 
Five  ox ida t ioae  of n-dodecane were conducted a t  13OoC to  determine t h e  
e f f e c t s  of 0 to  1 bl indene on rates of ox ida t ion  and gum formation. 
d i s c u s s  t h e  rates of ox ida t ion  f i r s t .  
W e  
With no i n i t i a t o r  a t  1 am of oxygen and 50°C, nea t  indene o x i d i z e s  a t  t h e  
rate of 0.036 M/hr, equiva len t  in our u n i t s  t o  35 p o l e s / g / h r .  
rate f o r  nea t  dodecane a t  13OoC is 47 p o l e s / g / h r .  
Howard,4 t h e  propagat ion and te rmina t ion  cons t an t s  can be compared a t  30°C: 
The s t eady  
Prom t h e  review of 
Dodecane, kp = 0.0065 W e ;  2kt = 3 x LO6 W s ;  kp/(2ht)%= 3.75 x (&)sE/2 
Indene, - 142 W e ;  2kt = 50 x lo6 W s ;  k p / ( 2 k t f - =  2.01 x ( ~ / s f / 2  
Thus, f o r  t h e  same rate of i n i t i a t i o n  a t  30°C, indene would ox id ize  5350 times 
as f a s t  as dodecane but  t h e  d i f f e r e n c e  would narrow a t  13OoC. 
that small propor t ions  of indene i n i t i a l l y  r e t a r d  t h e  ox ida t ion  of dodecane 
and t h a t  l a r g e r  propor t ions  cause oxygen t o  be absorbed more r ap id ly .  
Figure 7 shows 
We now cons ider  t h e  products of ox ida t ion  of indene. An a l t e r n a t i n g  1:l 
By analogy with  poly(s tyrene  peroxide), 6 
polyperoxide is formed in high yield.' The h igh  molecular por t ion  is only 
spa r ing ly  s o l u b l e  in hydrocarbons. 
poly(1ndene peroxide) probably decomposes thermally t o  g ive  a dialdehyde, 
aL4 may no t  su rv ive  our usua l  gmn test. 
indene, some l ight -co lored  o i l y  r e a c t i o n  products separa ted  dur ing  &he 
ox ida t ion  and were later c o l l e c t e d  by cen t r i fug ing ,  bu t  no s o l i d  p r e c i p i t a t e s  
were observed. To inc lude  a maximum of poly(1ndene peroxide) i n  t h e  gum, we 
vacuum-distilled t h e  r e a c t i o n  mixture  almost i o  dryness below 100°C. 
then determined as usual2  except t h a t  t he  dry ing  temperature w a s  held t o  100°C 
f o r  1 7  hours. 
In our  cooxida t ions  of dodecane and 
Cum was 
A l l  indene experiments gave more gum than  t h e  blank on 
dodecane, even though more oxygen was absorbed i n  t h e  
formation inc reases  r ap id ly  wi th  t h e  concent ra t ion  of 
indene, where gum formation was >50 times t h a t  i o  t he  
blank e rperlment . Cum 
indene up t o  0.1 M 
blank. 
13 
Some gum determina t ions  were made a t  200°C i n s t e a d  of a t  100°C; t hese  
r e s u l t s  are a l s o  shown i n  Figure 7. 
f i n d s  only about h a l f  as much gum as t h e  100°C procedure f o r  low amounts of 
gum, but t h a t  t h e  d i f f e r e n c e  decreases  as th+  gum i nc reases .  
The d a t a  suggest t h a t  t h e  200°C procedure 
F igure  7 shows t h a t  NMP a l s o  retards t h e  ox ida t ion  of dodecane.' Th i s  
combination w i l l  be d iscussed  a t  t w o  po in t s  in t h e  next  s ec t ion .  
3.5. Discussion 
Th i s  s e c t i o n  w i l l  f i r s t  compare Fuels  A and C. Oxidat ions of Fuel  C were 
dibcuased i n  t h e  previous annual repor t , '  and a few of t h e s e  d a t a  have been 
i n s e r t e d  i n  F igure  1, which d e a l s  w i t h  Fuel  A. Fuel C ox id izes  much f a s t e r  
than Fuel A a t  130°C and it  d i s c o l o r s  more dur ing  oxida t ion .  A p r e c i p i t a t e  
appeared between 7 and 11 hours; about 400 hours were requi red  f o r  depos i t  
formation wi th  Fuel A. 
B u t t t i l l ,  Jr., and C.A. S t .  John, u s ing  a batch i n l e t  FIMS, and found t o  be 
q u i t e  d i f f e r e n t :  
Molecular weight p r o f i l e s  have been determined by S.E. 
Alkanes 
+ Alkyl- Ring or C I C  Alkyl- Indanes or 
Hydrocarbon Class naphthalenes 1 2 3 benzenes T e t r a l i n s  H", 
F u e l  A, mole % 20.0 16.9 15.7 5.0 28.3 14.1 151 
Fuel C ,  mole % 45.4 10.3 6.9 2.9 19.3 15.2 159 
This c l a s s i f i c a t i o n  u n d e r s t a t e s  somewhat t h e  propor t ions  of s a t u r a t e d  
hydrocarbons, which a r e  ion ized  wi th  less e f f i c i e n c y  by FIMS, and does not  
d i s t i n g u i s h  a lkylnaphtha lenes  from alkanes.  
expected t o  be a v a i l a b l e  soon, should e l imina te  t h e  l a t te r  problem. 
A new high-resolut ion FIMS, 
Elemental ana lyses  a r e  as follows: 
Fue l  A 
Fuel C 
XO 
H /C -XJr nJ xs (d i f  f )  
86.4 13.3 <0.02 (0.02 <0.36 1.833 
87.6 11.9 <o .02 0.03 <0.19 1.625 
- - %c 
For t h e  FIMS analyses  of Fuels A and C t o  be cons i s t en t  w i t h  t h e  elemental  
ana lyses  and H/C r a t i o s ,  Fue l  C must conta in  much more s lkylnaphtha lenes  than 
F u e l  A; i t  must a l s o  conta in  more s u l f u r .  
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FIGURE 7 OXIDATIONS OF n-DODECANE WITH INDENE AND NMP AT 130°C 
Gum is  In mg/lOO g fuel, determined at 100°C except when marked for 200°C. 
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In consider ing t h e  e f f e c t s  of NMP and indene on oxida t ions  of dodecane and 
Fuel A and t h e  rate e f f e c t s  i n  cooxidat ions of hydrocarbons i n  genera l ,  w e  
shall start w i t h  t h e  classic cooxidat ion of cumene and t e t r a l i n .  F igure  8 
summerlees t h e  d a t a  of Russel l8  on t h e  cooxidat ion of cumene and t e t r a l i n  i n  
t h e  , ~ i e s e n c e  of 0.02 H t -buts1 perbenzoate ( t o  g ive  cons tan t  rate of 
i n i r l  r t i o n )  a t  90°C. 
becaase a d d i t i o n a l  d a t a  are lacking. 
t t a t  small propor t ions  of t e t r a l i n  r e t a r d  t h e  o x i d a t i o n  of cumene, even though 
t e t r a l i n  a lone  o x i d i z e s  f a s t e r  than  cumene alone. 
rate r f  oxida t ion  of  a pure hydrocarbon, RH, is 
The minimum rate appears  a t  2.8% of  t e t ra l in  only  
The important f e a t u r e  of t h e s e  d a t a  is  
The genera l  equat ion for 
d [RBI / d t  = (Ri /2kt) l/'kp [ RA] 
Absolute rate c o n s t a n t s  a t  30°c4 (because they are a v a i l a b l e  t h e r e  but  n o t  a t  
9OOC) w i l l  be used t o  e x p l a i n  t h e s e  r e l a t i o n s .  
cons tan t  (k ) 35 times t h a t  of cumene, a terminat ion cons tan t  507 t i m e s  t h a t  
'of c m e n e  ( ra t io  of kt1l2 i s  22.5), and a rate of oxida t ion  ( a t  t h e  same rate 
of i n i t i a t i o n  and concent ra t ion  of hyd-ocarbon) 1.5 times t h a t  of cmene. 
Thtls, a mall propor t ion  of  t e t r a l i n  i n  cumene is r e l a t i v e l y  rap id ly  converted 
to  t e t r a l i n  peroxy r a d i c a l s ,  which te rmina te  quick ly  when they  cannot 
pr-,pagate r e a d i l y  with t e t r a l i n .  
t h a t  one compor, .t have a high propagation cons tan t  and t h e  o t h e r  have a low 
terminat ion cons tan t ,  which is c h a r a c t e r i s t i c  of t e r t i a r y  alkylperoxy 
r a d i c a l s .  P l o t s  of rates of cooxidat ions of most hydrocarbon mixtures a re  
l i n e a r  or s l i g h t l y  curving func t ions  between t h e  r a t e s  of ox ida t ion  of t h e  
pure hydrocarbons. 
T e t r a l i n  h a s  a propagation 
P 
A minimum i n  rate of cooxidat ion r e q u i r e s  
W e  s h a l l  u s e  ttese r e l a t i o n s  f i r s t  t o  account q u a l i t a t i v e l y  f o r  our  
r e s u l t s  on the jx ida t ions  of dodecane with small propor t ions  of indene. 
Indene alon: ox id izes  f a s t e r  than dodecane, and apparent ly  has  h igher  
propageeion and terminat ion c o n s t a n t s  t h a n  dodecane. 
O.OOc and 0.014 M indene, t h e  rate increases  with increas ing  concent ra t ions  of 
i t  me atid a c t s  Increas ingly  l i k e  oxida t ions  c f  indene i n  an i n e r t  so lvent .  
O u r  f l n d h g s  t h a t  NMP a c c e l e r a t e s  t h e  oxida t ion  of Fuel A (Sect ion 3.1) but 
r e t a r d s  t h e  o c ida t ion  of dodecane (Sect ion 3.4') a r e  now considered. Without 
NMP, n-o.dt:ane o x i d i z e s  l n l t t a l l y  about 40 times a s  f a s t  a s  Fuel  A (but  soon 
a c c c l a r a t e s ) ;  w l t h  0.1 M NMP, dodecane oxid izes  only about 4 times a s  f a s t  a s  
I n  cooxidat ions with 
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FIGURE 8 COOXIOATION OF CUMENE AND TETRALIN WITH 0.02 M t-Bu02BZ AT 90°C 
Data of G. A. Russell (ref. 8 )  
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Fuel A. 
t e t r a l i n  p l o t  i n  Figure 8, NMP produces a clear rate minimum wi th  dodecane, 
but t h e  oxida t ion  of Fuel  A is so slow t h a t  a d d i t i o n  of IUMP produces no 
obvious minimum. I f  t h e  rate cons tan t  f o r  cha in  t e rmina t ion  i n  Fuel  A i s  
c l o s e  enough t o  t h a t  i n  NMP, t h e r e  should be no minimum. 
Fuel A t h a t  are re spons ib l e  for  its low rate of ox ida t ion  should be of g r e a t  
t h e o r e t i c a l  and p r a c t i c a l  importance. The s t a b i l i t y  of Fuel  A might be due 
t o  a s t a b i l i z e r  that survived vacuum d i s t i l l a t i o n ,  but t h e  longes t  ox ida t ions  
of Fuel A i n  F igure  1 give  no i n d i c a t i o n  of exhaus t ion  of any s t a b i l i z e r .  We 
s h a l l  look f o r  small amounts of oxygen compounds t h a t  might be s t a b i l i z e r s  i n  
our  next FIMS ana lys i s .  
Figure 9 pu t s  t h e s e  r e s u l t s  i n  perspec t ive .  In term of t h e  cumene- 
The components of 
I I 1 
- 
- 
0.01 
FIGURE 9 
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INITIAL RATES OF OXIDATION OF FUEL A AND n-000ECANE 
WITH NMP AT 130°C 
I n  che system discussed above, t h e  e f f e c t s  of indene and NMP on oxygen 
absorpt ion and gum formation are a s s o c i a t e d  with t h e  high a c t i v i t i e s  of t h e s e  
compounds i n  oxida t ion  and t h e i r  rap id  consumption. The e f f e c t s  should 
disappear  as  t h e  a d d i t i v e s  are exhausted. 
any metal-free organic  compound acts  c a t a l y t i c a l l y ,  without  being consumed. 
So f a r ,  w e  have no i n d i c a t i o n  that 
Thid i n t e r p r e t a t i o n  above appears  t o  expla in  q u a l i t a t i v e l y  our d a t a  on 
r a t e s  of oxida t ion  of f u e l s  i n  general ;  a l l  t h a t  w e  have examined oxid ize  
slower than dodecane, even though they are compose3 mostly of p a r a f f i n s .  
propose t h a t  t h e  r e t a r d a t i o n  comes mostly from t h e  small propor t ions  of 
a lkylaromatics  t h a t  they conta in ,  which apparent ly  have h igher  propagation and 
terminat ion cons tan ts  and would oxid ize  f a s t e r  i n  pure c o n d i t i o n  than  
dodecane. 
because w e  have no measure of, or c o n t r o l  o f ,  r a t e  of  i n i t i a t i o n  i n  our 
thermal oxida t ions  a t  13OOC. 
We 
However, our  i n t e r p r e t a t i o n s  can be no b e t t e r  than  q u a l i t a t i v e ,  
A poss ib le  complication-in t h e s e  rate and product r e l a t i o n s  has  r e c e n t l y  
I n  t h e  cooxidat lon of n-dodecane and ethylbenzene a t  come t o  our  a t t e n t i o n .  
130°C,9 t h e  rate and product p r e d i c t i o n s  of t h e  cooxidat ion equat ion  have been 
found t o  d iverge  from experiment; r e c o n c i l i a t i o n  r e q u i r e s  i n c l u s i o n  of s t e p s  
such a s l o  
Decyle + PhEt *-> decane + Ph-&-Me 
which a r e  f a s t  enough t o  compete with t h e  r e a c t i o n  of decyl  r a d i c a l s  wi th  
oxygen. 
predicted from t h e  rate e q ~ a t i o n . ~  
course favored by low oxygen pressure.  
complicated f u r t h e r  because r a t e s  of i n i t i a t i o n  were unknown i n  both o u r s  and 
the Russian work and by t h e  f inding9 t h a t  decyl  hydroperoxide decomposes and 
i n i t i a t e a  f a e t e r  than phenethyl hydroperoxide. The importance of hydrogen 
t r a n s f e r  among var ious benzyl radicals is u n s e t t l e d ,  but it i s  probably less 
important than i n  t h e  conversion of a l k y l  t o  benzyl. 
The r e s u l t  i s  t h a t  less  decane and more ethylbenzene o x i d i z e  than are 
This r e a c t i o n  of a l k y l  r a d i c a l s  i s  of 
The rates i n  t h e s e  experiments were 
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4. CHROMATOGRAPHY AND LIGHT SCATTERING AS ANALYTICAL METHODS 
4.1. Introduction and Sumasry 
The objective of the research described in this section was to find an 
economical substitute for FIMS for determining gum and deposit precursors. We 
chose phenylcyclohexane (PCH) for these experiments because it oxidizes easily 
and gives useful proportions of deposit precursors." 
hydrocarbon, we wanted a method to determine the proportions of C12 oxidation 
products and then, without regard to their oxygen contents, the proportions of 
c24 and c36 condensation products. 
For this C12 
Size exclusion chromatography, often called gel permeation chromatography, 
was not useful because our products differed in both oxygen contents and 
molecular weights. Further, suitable molecular weight standards were not 
available. 
LOW angle light scattering for molecular weight deteminations requires 
chemically homogeneous systems. When we found that our oxidation and 
precursors varied considerably in both oxygen contents and molecular weights 
and that molecular weights of interest would be low, this method was deemed 
unsuitable for a serious trial. 
High pressure liquid chromatography (HFLC) of concentrates of PCH 
oxidations showed that several products could be separated. 
these products by gas chromatography/mass spectroscopy (CC/MS) then showed 
:!.at all were isomeric phenylcyclohexanes and phenylcyclohexanols, with no 
indications of C24 or c36 products. However, FIMS of the same concentrate 
showed that C2,, and c36 products were present. 
that in the future CI2 products should be determined by GC/MS and that higher 
molecular weight products should be determined by a simpler FIMS technique. 
Investigation of 
These experiments suggested 
Details follow. However, our gum determinations2 appear to be a 
eatisfactory subetituLe €or all the methods mentioned above in 
semiquantitative comparisons of fuels. 
4.2. Size Exclusion Chromatography 
Work started with a sample of PCH that had been oxidized in air for 7.2 
hours at 130OC. Size exclusion chromatography measurements were performed 
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with a 100 A styragel column, tetrahydrofuran as solvent, and a differential 
refractive index (DRI) detector. The chromatogram of unoxidized 
phenycyclohexane shows a pLincipa1 peak at a retention volme of 7.7 mL (7.7 
min at a flaw rate of 1 mL/min) and a subsidiary peak at 8.4 mL. 
the oxidized sample contained the same two maxima, but in addttion had a 
shoulder at 7 . 0  aL and a pronounced tail from 6 to 7 aL, indicating the 
presence of larger molecular weight species. 
to -10% of the total area of the chromatogram. 
varied chemical composition, revealed by the HPLC experiment to be discribed, 
and the lack of suitable molecular weight standards discouraged further use of 
this method. These results, however, eliminate the possibility of polymeric 
species with molecular weights >10,000 and indicate that the contribution of 
intermolecular addition reactions between unsaturated or polar sites is slight 
or absent. 
Analyses of 
"%e area under this tail amounts 
The existence of species of 
4 . 3 .  High Pressure Liquid Chromatography 
The first HPLC experiments were conducted with unoxidized PCH and a 20:l 
concentrate of oxidized PCR on a C-18 reverse phase colmn equipped with DRI 
and UV absorption detectors. 
was observed at a retention volume of the 3.7 mL with both detectors. For the 
oxidized sample, considerable broadening of 3.7-L peak was observed. A small 
shoulder at 4 . 4  mL was found by both detectors. 
In neat acetonitrile, a single peak for the PCA 
To enhance the separation efficiency, we repeated the analysis in a 25 
volx solution of water in acetonitrile. 
ones were observed with the W detector. 
DRI. There was little correspondence in retention volume among peaks found by 
the two detectors, probably due to the relatively weak DRI response. 
results eugges t t w o  conclusions: 
Three major peaks and several minor 
Five major peaks were observed by 
Our 
(1) There are a number of readily separable species in the oxidized 
fuel. With minimal effort, nearly ten species have been located. 
(2) The considerable chemical heterogeneity of the species results in 
elution at different times and markedly different DRI and W responses. 
Theoe experiments were continued with 50 vol% of acetonitrile in water as 
the mobile phaee. 
diluted wfth this solvent for injection, but the pure hydrocarbon was added in 
The 20:l concentrates of the oxidation products were 
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75% a c e t o n i t r i l e .  
de t ec to r  ope ra t ing  a t  254 nm (Figure 10) shows peak8 a t  r e t e n t i o n  volumes of  
4.17 mL and 17 mL. The f i r s t  peak i s  de tec t ab le  by UV absorbance but not  by 
DRI. Because t h e  r e f r a c t i v e  index of the  PCH (1.53) is s u f f i c i e n t l y  d i f f e r e n t  
from those  of a c e t o n i t r i l e  (1.34) and water (1.33) i t  should show up i n  both 
the  DRI and the  W de tec to r s .  
PCH and regard the  4.17-mL peak a8 an  inadver ten t  impuri ty .  
Analysis  of unoxidized phenylcyclohexane (PCH) wi th  t h e  W 
We have the re fo re  assigned the  1 7 4  peak t o  
Samples of PCH, oxidized f o r  4 as w e l l  as  7.2 hours ,  were used i n  t h e s e  
exper1men.s a f t e r  concent ra t ion  by 20:l. 
e s s e n t i a l l y  a l l  t h e  PCH, as shown i n  Figure 10b and 1Oc. 
s i x  major peaks, fou r  i n  a q u a r t e t  a t  2.17 to  3.42 mL and two more a t  5 . 5 5  and 
11 mL. All have g r e a t e r  p o l a r i t y  than  PCR (17 mL) as determined by t h e  
decrease i n  r e t e n t i o n  volume on t h e  CIS reverse-phase HPLC. 
t h e  areas under t h e  curves,  t h e  proport ion of 5 . 5 4 .  material inc reases  
g rea t ly  between 4 and 7.2 hours,  while  t h e  p ropor t ions  of 11- and 3.l-mL 
materials show l a r g e  decreases.  
The concent ra t ions  removed 
Oxidation produces 
As measured by 
The concent ra tes  of t h e  4- and 7.2-hour ox ida t ions  were then  analyzed.by 
CChS us ing  a 1% SP2100 column wi th  temperature programing from 103" t o  300°C 
a t  20°C per  minute. The products  included phenylcyclohexane (not  de t ec t ed  by 
previous HPLC) and were very similar f o r  both samples. 
traces and a s s i g n s  peak numbers. Table 1 smmarizes t h e  mass s p e c t r a  of t h e  
GC f r a c t i o n s ,  l i s t i n g  f i r s t  t h e  parent  peaks wi th  t h e  h ighes t  m/z numbera, 
then t h e  m/z number f o r  t h e  fou r  s t ronges t  peaks. 
parent  peaks are proposed, assuming t h a t  t he  phenyl group remains i n t a c t .  
(This  assumption r e s u l t s  i n  some groups t h a t  are very low i n  hydrogen content ,  
leaving some p o s s i b i l i t y  f o r  l o s s  of  ace ty lene  fragments from benzene r ings . )  
Figure 11 shows t h e  GC 
Formulas of fragments of 
Peaks 11 and 12 both correspond t o  phenylcyclohexane but  one must 
represent  an isomer because they produce very d i f f e r e n t  f ragmentat ion 
pa t te rns .  Peak 1 3  corresponds t o  a phenylcyclohexene. The remaining four  
peaks correspond t o  isomeric phenylcyclohexanols, 1-, 2-, 3- and 4-, a l l  of 
w h i c h  can have c i s -  and  trans-forme. Thus, both HPLC and GC have been 
success fu l  i n  s epa ra t ing  t h e  major C12 products,  but  have given no 
t d e n t f f i a b l e  C24 products .  
To check the  presence of C24 and C36 compounds i n  oxidized PCH, w e  
oxidized another  sample a t  130°C f o r  5 hours and then concentrated by vacuum 
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distillation to I/273 of its oxidized weight. 
analyzed by GC/MS as described above, we found the same C12 products but no 
evidence of C 2 4  or C36 products. 
products were present. 
When this concentate was 
Nevertheless, FIMS shows that the latter 
Table 2 compares FIMS of the concentrate and of a comparable 5.5-hour 
oxidation of PCH with evaporation of the whole products in the PMs.ll 
Because losses during evaporation are poorly reproducibile, the products found 
are listed according to the rankings of their magnitudes. 
first that the concentrate contains both C24 and c36 oxidation products, which 
GCMS did not detect. To reconcile results of the two concentratfon 
cechniques, it 'ppears that: (1) concentration by distillation cut out the 
phenylcyclohexane but retained more of the C 1 2  oxidation products; (2) because 
more C12 oxidation products were retained, the proportions of C24 and c36 
products in the concentrate m s t  be laver; (3) different peak intensity 
patterns arose from different decompositions of peroxides during different 
heating conditions; (4) the FPiS evaporation m s t  be unselective if 
considerable C12 hydrocarbons are retained while considerable Cy2 oxidation 
products are lost. 
The results show 
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Table 2 
FIMS ANALYSES OF OXIDATION PRODUCTS OF PXENYLCYCLOHEXANE AT 130°C 
m/ z 
159 
160 
172 
174 
175 
176 
192 
318 
332 
333 
334 
335 
348 
350 
351 
364 
366 
476 
504 
506 
507 
-
soa 
520 
522 
5 li 
540 
Probable 
Structure 
R from ROH or R02H + 
ms ci2H16 
Unsaturated ketone - 
Ketone 
RO+ 
ROH 
ROzH 
Dimer, C2UH30 = R'R 
Dimer ketone 
R'O+ 
R'OH 
R'OH2 
OH bet one 
R'OaH or glycol 
Glycol + H + 
R'H + 3 0 - 2H 
R'H + 3 0 
Trimer, C36H44 = R"H 
-4H 
R*lH -2n 
+ 2 0  \:OH 
-4H 
-2H 
R"H 
+ 3 0  
K"H + 4 0 
I -no H 
RANK OF PEAK INTENSITIES 
FINS 34806, FIMS 17001, 
Normal Cooceri tra t ed 
Evaporation 273 to 1 
2 
1 
3 
7 
5 
a 
6 
9 
10 
4 
2b 
1 
3 
4 
6 
5 
1 
None 
a 
4 
None 
2 
2 
2 
lC 
2 
Because the strongest dimer peak in 17001 had about half the intensity of a 
the 172 peak, ranks below 5 apply to dimers only. 
bThis and lower ratings are for c36 compounds only. 
506 had about half the intensity of the Cad peak at 348. 
The strongest c36 peak at 524 had one-fourth the intensity of the dimer 
peak at 364 .  
slightly weaker than that for 524. 
m e  strongest c36 at 
C 
The 504, 520, 522, and 540 peaks had the same intensitle:., 
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5- CONCLUSIONS 
Our fuel oxidation studies lead to the following conclusions. Although 
diesel and jet fuels are mostly paraffine, the alkylbenzenes and more reactive 
components of the fuels do most of the reacting with oxygen, directly through 
attack of alkylperoxy radicals, and Indirectly through attack of alkyl 
radicals. 
much gun. Until their concentrations exceed -1 H, these reactive 
alkylaromatic hydrocarbons will retard the oxidation of alkanes, but be 
capable of forming gun or deposita, perheps nearly as vel1 as the pure 
reactive hydrocarbons. 
range of rates of oxidation under standard conditions; their hydroperoxides 
will produce a wide range of rates of initiation; and their oxidation products 
will probably have a wide range of abilities to cobdense to gums and deposits. 
Even i f  they did oxidize extensively, the alkanee would not give 
Theee reactive hydrocarbons alone will have a wide 
This last property is probably the most important and least understood 
factor in grna formation and will receive major attention in the continuation 
of this program. We plan to investigate 102 tetralin/90% dodecaae mixtures. 
The effect of oxygen pressure on gum formation will be checked and extended, 
and a correlation of gum formation and JFTOT testa will be initiated in 
collaboration with NASA-Levis . 
AS for alternatives to P W  for measuring precursors formation, we 
conclude that CCMS will provide good analyses for C12 products, when needed, 
but not for C24 and Cg6 products. 
evaporated for a few minutes in the PIMS vacuum at room temperature, most of 
the parent hydrocarbon and monomeric oxidation products will be lost, and the 
least volatile dimers and trimers probably can be determined more accurately 
and quickly. 
will be adequate for routine comparisons of fuels. 
However, if the oxidized sample is 
2 However, it appears that ocr new method for determining sum 
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